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Conceptual and factual advances in the study of animal phylogeny have
emerged from recent work in palaeontology, functional morphology and comparative
embryology. Many earlier proposals on the origin and relationships of the animal
phyla can now be seen to be erroneous.

The fossil record of the Precambrian and early Cambrian has not revealed links

between phyla, but it places the time of origin and radiation of the metazoan phyla at

earlier than 700 million years ago. Functional morphological studies have raised many
possibilities of the convergent or parallel evolution of phyla, especially among those of

simpler body construction. In particular, these studies have called into question the

validity of hypothetical ancestors and of a monophyletic origin of the Metazoa.
Comparative embryology remains a major source of positive information about

the relationships between the animal phyla. Two major assemblages, the spiral

cleavage assemblage and the deuterostome assemblage, can be identified by this

approach. More information is needed on a number of phyla.

A synthesis of all three lines of investigation emphasizes the likelihood that

metazoans arose from protozoans on several occasions.
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Introduction

A student once wrote in an essay for me, 'Phylogenetic relationships is a very

doubtful area of zoology'. This a sentence of delightful ambiguity. I think all zoologists

would agree with it, but for different reasons. To some, the word doubtful would
mean dubious, questionable, verging on the disreputable. To others, quite a strong

group, the doubt would be as to whether phylogenetic relations is a part of scientific

zoology at all. A third group, however, would take it that there are still matters of

doubt and unresolved questions concerning animal phylogeny, and would regard this

as an important challenge for zoologists to struggle with. I subscribe to the last of these

views, but I am well aware that there are plenty of dubious phylogenies as well as some
spectacularly unscientific ones in the recent literature. I shall mention some of these as

we proceed. I am also aware that a lack of suitable factual knowledge leaves many
questions still unanswered concerning phylogenetic relationships, but I think we have

now reached the stage where some firmly-based statements can be made.
Many attempts have been made over the years to evaluate the origins of the

metazoan phyla and their phylogenetic relationships. Until quite recently there was a

strong tendency among animal phylogeneticists to vie with one another in the erection

of monophyletic trees for the Metazoa, branching in various ways. Figs 1 and 2 show

two examples of this.

Preconception was the basic philosophical stance in these attempts, with the

known facts being used as hooks from which to suspend the imagined tree. This

approach has not lost its vogue. Papers are still being published which contain trees of

this type, replete with nonfunctional hypothetical ancestors. A good example of this,

first published in 1976, is shown in Fig. 3. Such works are of the same conceptual

status as land bridges in biogeography.

In the last twenty years, however, and especially in the last decade, very

substantial conceptual and factual advances have been made by many workers
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Fig. 1. The phylogenetic tree of Marcus (after Barnes, 1968).

interested in the problem of metazoan phylogenetic relationships. It may seem

perhaps surprising that this problem, which was at the forefront of zoological thinking

in the latter part of the nineteenth century, should receive a revival of interest in the

latter part of the twentieth century; but I think this can be explained by the

importance of phylogeny to zoology as a whole. Zoology, the science of animals, is

couched in terms of generalizations based properly and entirely on an acceptance of

the view that evolution has occurred. The better we understand this evolution in terms

of origins and lineages, the better will be our generalizations about its products.

Conceptual Advances

What then are the conceptual advances which are assisting in this endeavour?

There are three. The first is a greater emphasis on the notion that facts take

precedence over preconceptions. Paraphrasing two famous pragmatists, Sidnie

Manton and Henry Ford, hypothetical animals are bunk! The hypothetical

urcrustacean shown in Fig. 4 and the hypothetical ancestral mollusc well known
amongst zoologists (Yonge and Thompson, 1976) , while of value in comprehending
the phyla to which they are ascribed, have no place in thinking about the relationships

between phyla. Gaps in the evidence must be accepted for what they are and not filled

with inventions to satisfy the urge for a monophyletic oversimplification.
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.

Secondly, deriving from advances in many aspects of zoology, it is now realized

that animals exist as functionally integrated complexes of dynamically interacting

components, in which there are intrinsic constraints on change as well as the

possibilities of change over evolutionary time. Putting this more simply, evolution

must be functional and function must be viewed holistically. Any phylogenetic

proposal which ignores the requirements of functional gradualism (Anderson, 1967;

Dullemeijer, 1980) must be wrong. This is not to say that any proposal based on

holistic functional thinking must be right. There are other ways in which error can

potentially creep in. Functional thinking may, for example, be employed spuriously to

give credence to imaginary evolutionary sequences. Gutmann (1981) treats the

deuterostomes in this way, expounding the evolution of all deuterostomes from a

segmented chordate stem, itself evolved by an entirely hypothetical 'functional' route.
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Nowadays, however, most zoologists and many palaeontologists have begun to include

functional thinking in their phylogenetic interpretations (e.g. Bock, 1981 ; Szalay,

1981) , though some palaeontologists still proceed in blissful unawareness of this need.
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Fig. 4. The hypothetical urcrustacean of Hessler and Newman (redrawn after Hessler and Newman, 1973)

.

The speculations of Jefferies (Jefferies and Lewis, 1978; Jefferies, 1979, and earlier)

on the Calcichordata as ancestral chordates exemplify this well, as Philip (1979) has

remarked.

Curiously enough, this change of approach has led in turn to a third conceptual

advance with a somewhat opposite effect. This is the realization that for the simpler

kinds of animal organization, with few interacting components, it is very difficult to

exclude the possibility of parallel or convergent evolution. Simple metazoans which
may seem alike are not necessarily related. I shall return to this later.

Factual Advances

We are thinking about animal phylogeny with a new kind of honesty and
understanding as a result of these conceptual changes, but this new approach derives

basically from the availability of new facts about animals and their history. During the

last twenty years, factual knowledge has advanced on three fronts pertinent to the

problem of phylogenetic relationships. The early part of the fossil record of animals in

the later Precambrian and Cambrian has become much better known (e.g. Brasier,

1979). The functional morphology of the modern phyla has become much better

understood ; and the embryonic development of many of the modern phyla has been

more deeply analysed in functional terms. The interplay of fact and concept has now
reached a stage at which the evidence of all three of these lines of investigation can be

brought together in a more comprehensive way. I shall briefly review each area and

then attempt to establish a synthesis from them.
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The fossil evidence

For the metazoan phyla, the fossil record of the later Precambrian is sparse but

revealing (Durham, 1979; Paul, 1980; Runnegar, in press). It is well exemplified by

the famous Ediacara fauna of South Australia and elsewhere, shown in Figure 5

(Glaessner, 1969, 1971, 1972, 1976, 1979, 1980; Glaessner and Wade, 1966; Wade,
1970, 1972; Ford, 1980; Birket-Smith, 1981). Beginning about 680 million years ago,

cnidarians, polychaetes, echiuroids, arthropod-like animals and various other

metazoans were already present. Evolution had thus reached the stage of complex,

soft-bodied coelomate animals by the time metazoan fossils began to appear. This is

further borne out by the appearance of pogonophorans before the onset of the

Cambrian (Brasier, 1979) and a variety of complex skeletonized forms such as

molluscs, echinoderms, brachiopods and trilobites (Figs 6, 7) in the early Cambrian
(Runnegar, 1980a, and in press) . This evidence tells us that the important separations

of the metazoan phyla took place more than 700 million years ago, before any fossil

metazoans were laid down. It also tells us that the fossils that are present all belong to

discrete phyla, some modern, some extinct, and include no animals that can be

interpreted as missing links. No new phyla are directly known to have evolved since the

onset of the Cambrian, although some groups that might be accorded the status of

phyla (Archaeocyatha, Hyolitha, Trilobita and others; see Fig. 25) became extinct in

the Palaeozoic.

Fig. 6. The Cambrian evolution of the brachiopods (after Wright, 1979)

/

Fig. 7. The Cambrian evolution of the trilobites (after Bergstrom, 1979).

Proc. Linn. Soc. N.S.W., 106 (2), (1981) 1982
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Confirmation of these conclusions arises from the recent studies of the Middle
Cambrian Burgess Shale fauna (Conway Morris, 1979a; Whittington, 1979, 1980).

In this work we find extraordinary evidence of the early presence of a variety of soft

bodied animals belonging to modern phyla. The Burgess Shale fauna includes

priapulids, polychaetes, marine uniramians and even chordates (Figs 8-11). The
phylum Crustacea is also represented in the Burgess Shale by Canadaspis, and in the

Upper Cambrian by ostracods (Fig. 16) and cephalocarids (Briggs, 1977; Midler,

1979, 1981).

12
Figs 8-12. 8, A polychaete of the middle Cambrian Burgess Shale (after Conway Morris, 1979b) . 28 mm. 9,

A priapulid of the middle Cambrian Burgess Shale (after Conway Morris, 1979a) . 180 mm. 10, The middle

Cambrian marine uniramian Aysheaia (redrawn from Whittington, 1980). 60 mm. 11, The middle

Cambrian chordate Pikaia (based on Conway Morris and Whittington, 1979). 40 mm. 12, The middle

Cambrian Opabinia, phylum unknown (after Whittington, 1980). 50 mm.

In addition, the Burgess Shale fauna contains many representatives of groups of

animals that have not survived and do not belong within the modern phvla. These

include such forms as Opabinia (Fig. 12), Hallucigenia (Fig. 13) and strange

arthropods like Yohoia (Fig. 14), Marrella (Fig. 15) and Odoraia (Conway Morris,

1979a; Whittington, 1979, 1980, 1981a; Briggs. 1981). It seems that there were

several (perhaps many) distinct groups of arthropods in the Cambrian fauna in

Proc. Linn. Soc. N.S.W., 106 (2), (1981) 1982
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addition to the Trilobita, Crustacea, Chelicerata and Uniramia (Whittington, 1979,

1981b; Manton and Anderson, 1979). Whether Opabinia, Hallucigenia, the strange

arthropods and the other unique animals of the Burgess Shale should be interpreted

as members of discrete extinct phyla is debatable, but they are certainly indicative of

the existence of Cambrian groups of animals that do not fit the definitions of any of

the modern phyla. Like the Precambrian and early Cambrian metazoans, none of the

Burgess Shale animals is intermediate between or directly ancestral to any of the

recognized phyla. Their structural complexity, elucidated now in impressive detail,

gives further evidence of a long prior history of metazoan evolution.

Figs 13-16. 13, The middle Cambrian Hallucigenia, a fossil worthy of a Bestiary (after Whittington, 1980)

.

18 mm. 14, The middle Cambrian arthropod Yohoia, phylum unknown (after Whittington, 1980) . 23 mm.
15, The middle Cambrian arthropod Marrella, phylum unknown (after Whittington, 1980). 20 mm. 16,

The upper Cambrian ostracod Vestrogothia (after Miiller, 1979). 0.5 mm.
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From the point of view of the origins and relationships of the animal phyla, then,

the fossil evidence provides nothing directly, except a confirmation of the timing of

events. This puts the onus directly on functional morphology and embryology to

provide some answers within this context.

Functional morphology

Curiously enough, what this discipline has done for phylogenetic relationships

among the animal phyla is mostly negative. The recognition that animals are highly

functionally integrated and adapted in relation to habit and habitat has led to the

further realization that they are often more different than they seem. Common
ancestries then become much less plausible. The separation of the arthropods into

three modern phyla and probably several extinct phyla (Anderson, 1973; Manton,

1973, 1977; Schram, 1978; Manton and Anderson, 1979; Whittington, 1979, 1981b)

is perhaps the most spectacular example of how functional morphology has

demolished old beliefs, but there are others. The fact that structure is functionally

related to habit and habitat is well illustrated in a broad sense by the case of the

coelomic worms. Functional studies (Clark, 1979) have demonstrated a clear

relationship between

:

1

.

an unsegmented coelom and burrowing slowly in compact substrata,

2. a segmented coelom and burrowing actively in looser substrata,

3. a trimeric coelom and tubicolous life.

Each of these conditions could have evolved independently more than once and none
needs any other as a functional prerequisite. For example, there is no reason to

suppose on functional morphological ground that the Sipunculida and the Priapulida,

both unsegmented coelomate burrowers, are related to one another. The Phoronida

and the Pogonophora both show a trimeric tubicolous condition, but the

FOREPART preannuiar TRUNK postannular OP I STliOSOMA

FOREPART TRUNK OPISTHOSOMA

Fig. 17. The adult and larva of a pogonophoran (after Southward. 1980)

.
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Pogonophora (Fig. 17) are now thought to be specialized descendants of the annelids

(Southward, 1980; Jones, 1981) , while phoronids are clearly lophophorates (Zimmer,

1973; Hermann, 1980). The trimeric coelomate condition, therefore, has evolved

more than once and of itself is not evidence for phylogenetic affinity, only of

adaptation to tubicolous life. Even tubicolous polychaetes such as serpulids tend to a

trisomic condition, while retaining metameric segmentation.

This case epitomizes the general effect of functional morphology on phylogenetic

thinking. It has made us more wary of overemphasizing general resemblances and

more honest about the gaps in the story. It has also made us realize the likelihood of

convergent evolution among complex phyla and even more, the likelihood of con-

vergent evolution among the animals of the simpler phyla. On the other hand,

functional morphology has not assisted in the positive identification of interphylum

relationships, except perhaps in relating ectoprocts to endoprocts (Nielsen, 1977) and
pogonophorans to annelids (Southward, 1980) .

Fig. 18. Typical stages in polychaete spiral cleavage, (a) Arenicola (b) Amphitrite (after Anderson, 1973)

apical tuft

stomach

-prototroch

pharynx

mesodermal band

larval
muscle

protonephridium

Fig. 19. A polychaete trochophore larva.
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Fig. 20. Stages in the spiral cleavage of the egg of the pogonophoran Nereilinum murmanicum (after

Gureeva, 1979).

Comparative embryology

Where, then, are we to turn for evidence of phylogenetic relationships between

phyla? Fortunately, for a number of phyla, an answer still lies in embryology. Detailed

functional analyses of development have shown that developmental patterns can

remain astonishingly conservative despite wide divergences in adult form and
complexity. It is necessary, of course, to make allowance for functional specializations

of the developmental process in relation to its own requirements such as

planktotrophic adaptations and/or the presence of yolk in the embryo. Taking these

into account, we can discern certain well-established cases where embryological

studies strongly indicate phylogenetic affinities. Spiral cleavage development is one

such case.

The pattern of spiral cleavage development which includes 4d mesoderm and a

subsequent larva of the trochophore type (Figs 18-20) links many phyla, including

molluscs, annelids, pogonophorans and uniramians, with the platyhelminths

(Anderson, 1973, 1979; Gureeva, 1979; Bakke, 1980). Mostly these phyla cannot be

positively linked on other evidence. Other kinds of spiral cleavage development occur

in other phyla, linking them more remotely to the 4d group. These include (Figs 21,

22) rotifers, gastrotrichs, nematodes and crustaceans (Anderson, 1973, 1979, in

press
; Joffe, 1979) . Another major grouping on embryological grounds is recognizable

from the radial cleavage, deuterostome, trimeric pattern of development which links

the hemichordates, chordates, echinoderms and chaetognaths (Philip, 1979;

Hermann, 1980, Pross, 1980) . This kind of evidence works well for complex animals

where enough information is available, though a number of groups of complex

animals have still not been investigated sufficiently to allow phylogenetic inferences to

be drawn about them in embryological terms.

Fig. 21. Stages in the spiral cleavage of the egg

of a rotifer, Neogossea (after Joffe, 1979).

Fig. 22. Stages in the cleavage of the egg of a

nematode, Prionchulus (after Joffe. 1979).
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Embryological evidence is not satisfactory, on the other hand, for the simpler

groups, where development offers less information. Sponges, ctenophores and
cnidarians cannot be related to each other or to other phyla on embryological

grounds. The need for an integrated functional interpretation of the sequence of

development must also be emphasized. Evidence of this kind, when incomplete, is

easily misused. Attempts to relate the Pycnogonida to the Chelicerata and the

Pentastomida to the branchiuran Crustacea (Riley et al., 1978; Schram, 1978) on the

basis of inadequate description of a few embryo stages (Fig. 23) must remain totally

unconvincing, though there are good functional morphological reasons why the

pycnogonids should be included in the phylum Chelicerata (Manton, 1978;

BergstromeJa/., 1980).

dorsal organ

ganglion somite

Fig. 23. Two stages in the embryonic development of the pentastomid Reighardia sternae (after Riley et al.

1978).

PORIFERA CNIDARIA

CTENOPHORA 1 BILAIERIA

Choanofbgellate colony

Fig. 24. The phylogeny of the Radialia, as interpreted by Salvini-Plawen (1978)
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solid lines. Evolutionary histories deduced from comparative evidence (see text) are shown by broken lines.

The solid circles at the level of the Middle Cambrian represent the Burgess Shale fauna.

All of the known animal phyla had a Precambrian origin. Most (probably all) had a pre-Vendian

origin. All modern phyla may thus have been in existence for at least 700 million years. The Archaeocyatha

became extinct during the Cambrian (Nitecki and Debrenne, 1979) . The Trilobita and Hyolitha became
extinct at the end of the Palaeozoic (Bergstrom, 1979; Runnegar, 1980b). The time of extinction of the

'Burgess Shale groups' is unknown, but there is no record of them after the middle Cambrian.

Embryological evidence reveals the pattern of divergence of the animal phyla shown on the left of the

Figure. These events must have occurred between 1,000 and 700 million years ago. Several major ancestral

groups can be recognized. A number of significant questions remain to be resolved.
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Embryological evidence can also be misused in other ways, as when simple

embryos are taken as direct evidence of affinity (Salvini-Plawen, 1978) , and then in a

double dose of conceptual legerdermain, also interpreted in a recapitulationist

manner as representative of adult ancestors (Fig. 24) . If embryology is to be useful in

establishing phylogenetic relationships, which it can be in many cases, we must guard

carefully against such simplistic thinking. This is especially important when we now
realize that herein lies the major source of our positive information on the matter.

An Attempt at Integration

Supposing that we now take these various lines of evidence and put them
together, where do we stand? An attempt at an integrated generalization is made in

Fig. 25. The direct fossil evidence leads us to a reasonable presumption of a prior

history of the phyla through time, but neither the fossil evidence nor that of functional

morphology provides much indication of common ancestries. Two major groupings of

phyla, with initial radiations at the soft-bodied worm-like stage, can be identified

embryologically. These radiations, the spiral cleavage radiation and the deuterstome

radiation, probably occurred more than 700 million years ago. Runnegar (in press)

has estimated, from comparative data on the molecular structure of invertebrate

globins, that the initial radiations of metazoan animals began about 1,000 million

years ago, so that at least 300 million years appears to have been available for the early

evolution and diversification of these two major groups. At the present time, the

original history of the remaining phyla cannot be traced, though further

embryological analysis and further discoveries in the fossil record may assist with this.

Another point is now extremely evident, amplifying an idea developed on

theoretical grounds in a thoughtful essay by Kerkut (1960) . There is no compelling

reason to suppose that the metazoan phyla had a single origin. The trimeric

coelomates, which cannot presently be traced to a simpler ancestry, share no features

in common with the spiral cleavage phyla. More than one origin of metazoans from

protozoans remains a real possibility. The sponges, cnidarians and ctenophores are

fundamentally different from each other and from the bilateral phyla. They could, as

Sleigh (1979) has suggested, have had separate origins. Future workers on this

problem should also bear in mind that two or more kinds of bilateral phyla may have

emerged independently from among the Protozoa, though plainly the embryological

evidence shows that we cannot go as far in this as the proposal by Nursall (1962) , of a

separate origin of each metazoan phylum from a protozoan ancestry. Future detailed

studies in comparative embryology and palaeontology may indeed reveal the exact

opposite, that the metazoan phyla of presently unknown ancestry are linked with one

or the other of the clearly identifiable major assemblages.
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